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COMBUSTION TESTS WITH ILLINOIS COALS 
I. INTRODUCTION 


1. The Coéperative Agreement.—This bulletin is a report of the 
results obtained under a coéperative agreement between the Zeigler 
Coal and Coke Company and the University of Illinois for the inves- 
tigation of Northern Illinois coals. The agreement was formally 
approved on November 21, 1928, and the research work was begun 
in April of that year. 

One division* of the work involved combustion tests of certain 
Illinois coals, using one of the boiler units in the University Power 
Plant. This particular division was undertaken by the staff of the 
Engineering Experiment Station in the Department of Mechanical 
Engineering. The present bulletin deals entirely with the results 
obtained in connection with the combustion tests. 


2. Objects of Investigatton.—The principal objects for which the 
investigation was undertaken may be stated as follows: 

(1) To compare the performance characteristics of the various 
coals as determined by their influence on the overall efficiency, tem- 
perature of the flue gases, combustion rate and draft required when 
the boiler unit was operated at given steaming capacities. 

(2) To make a study of incidental factors, such as excess air, 
ash-pit loss, and flue gas loss, as influenced by the physical and chem- 
ical characteristics of the various coals. 


3. Acknowledgments.—The investigation has been carried on as 
part of the work of the Engineering Experiment Station of the Uni- 
versity of Illinois, of which Dnan M. 8. Kutcuvm is the director, 
and of the Department of Mechanical Engineering, of which Pror. 
A. C. Wiuuarp is the head. 

Special acknowledgment is due Pror. WituarpD for his active 
interest in the investigation and the many helpful suggestions offered, 
and to Mr. J. R. Conneruty, formerly Special Research Assistant 
in the Department of Mechanical Engineering, for valuable assistance 
during the early stages of the investigation. Acknowledgment is also 
made to Mr. J. A. Morrow, Superintendent of Buildings, and to the 
members of the boiler-room staff for their coéperation in preparing 
for and running the tests. 


*Another division of this work was conducted by the Department of Mining Engineering under 
the direction of Prof. A. C. Callen. 
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Fia. 1. Cross-Sucrton THROUGH Borers 


II. Description or PLANT 


the breeching, and the installation of a different type of Suspended 
flat arch that increased the amount of furnace volume. The present 
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arrangement is shown in Fig. 1. The selection of the boiler was made 
from the viewpoint that it is typical of the average industrial steam 
generating unit. 

This boiler is one of two Babcock and Wilcox units in a common 
setting, each having a manufacturer’s rating of 5080 sq. ft. of heating 
surface, and designed for a working pressure of 160 lb. per sq. in. 
Each boiler has two drums, 42 in. x 20.33 ft., and 18 sections of 4-in. 
tubes 18 ft. long, each section containing 18 tubes. The distance from 
the floor to the first row of tubes is 81% ft. at the front end. 

The distinctive feature of the boiler layout consists of the style of 
baffling shown in Fig. 1. The first pass, differing from the standard 
Babcock and Wilcox baffling, is brought to the rear of the setting. 
Directed by a refractory roof suspended from the first row of tubes, 
the gases resulting from combustion pass over the bridge wall into a 
rear combustion chamber, thus having a comparatively long travel 
before reaching the tubes. 


5. Stoker and Setting.—A chain grate stoker was used, equipped 
with a flat suspended ignition arch, and designed for natural draft 
operation. This arch design provides maximum furnace volume with 
the present height of the setting. The side walls are built up of No. 1 
fire-brick, the only water-cooled surface exposed to the fire being the 
water-back. 

Natural draft is provided by means of a brick chimney, 175 ft. 
high, having an internal diameter of 10 ft. It serves five additional 
boilers in the power plant similar to the one used. Control of the 
draft is accomplished by means of the three dampers in the breeching, 
which are designed to act as a unit. 


6. General Description and Dimensions.—The general dimensions 
of the boiler and furnace are given in Table 1. The total heating 
surface, as measured and recorded in Table 1, is slightly larger than 
manufacturer’s rating. No attempt was made to prorate the heating 
surface covered by baffles, and full value was assigned to the surface 
covered by the entire horizontal baffle as well as the two vertical 
baffles. ! 

Furthermore, no attempt was made to distinguish between the 
terms “furnace volume” and “‘combustion space,” but the two were 
considered as identical. They include all space under the flat arch 
and tile baffle, and above the bridge wall and grate; also a section of 
the rear combustion chamber, that may be considered as “‘live’’ com- 
bustion space. This section has been regarded as the space below the 
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TABLE 1 


GENERAL DESCRIPTION AND DIMENSIONS 


Item A.S.M.E. 
No. Code Item 
No. 
Linde aor 4 Type of boiler Babcock & Wilcox. 
Qicisewes 8 Kind of furnace All refractory. Green flat arch 
and chain grate stoker. 

Orde faeirds. 15 Grate surface, sq. ft. 91.00 
rn nae Width of grate, ft. 9.58 
ictus raseiele Length of grate, ft. 9.50 
Oc cre vets Approximate width of air openings in 

grate, in. 0.25 
Wecwerhare Percentage of area of air openings to 

grate surface 25.80 
Sinacer eee 11 Total heating surface, sq. ft. 5144.00 
i) arco Ratio of total heating surface to grate 

surface 56.50 
LO Wear. Ratio of minimum draft area to grate 

surface 3.07 
BY athagee 19 Volume of combustion space between grate 

and heating surface, cu. ft. 617.00 
DD sevot eyes Length of furnace, ft. 22.10 
Losers Width of furnace, ft. 9.58 
A eee Mean height of furnace, ft. 2.92 
Usereteras 21 Furnace volume per sq. ft. of heating 

surface 0.12 
1655008 20 Distance from center of grate to nearest 

heating surface, ft. 12.00 
VO osc anak Total length of gas travel (center of grate 

to center of breeching), ft. 45.40 


tubes, equal in height to the height of the opening above the bridge 
wall and in width to the full width of the setting, and extending to the 
rear of the chamber, parallel to the tubes. 


IIJ. Test ProcepurE anp APPARATUS 


7. General Methods.—Before the tests were started the boiler was 
taken out of service, and a thorough inspection made of both water 
and fire sides of all heating surfaces. Due to the fact that the feed 
water used was of extremely low hardness, very little cleaning of the 
water side was necessary before, and none during, the tests. On the 
fire side, the soot and slag accumulations were removed. The regular 
use of steam soot blowers every four hours prevented any accumula- 
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tions from building up during the test period. Baffles were renewed 
where necessary. The setting and furnace were in good condition 
as far as strength and freedom from air leaks were concerned, and 
remained so during the period of the tests. For all practical purposes, 
the boiler differed from a new installation only in regard to certain 
features of design as compared with strictly modern units. 

Tests were run mainly in accordance with the American Society of 
Mechanical Engineers’ code for conducting boiler trials. The extreme 
steadiness of load and stoker operation with sized coal made it pos- 
sible on two occasions to depart slightly from the specified minimum 
of 250 pounds of fuel per square foot of grate surface, without sac- 
rificing the accuracy of the tests. Observations of pressures, tem- 
peratures, drafts, etc., were made at 30-minute intervals. 

During all of the tests both of the boilers in the twin setting were 
kept in operation in order to avoid any irregularities in radiation loss 
being caused by the presence of the second boiler. 


8. Starting and Stopping.—When not under test the boiler was 
operated under light load with the dampers closed. During the period 
of three hours previous to a test it was operated at full load for one 
hour, and then maintained for two hours at the load predetermined 
for the ensuing test. During this period the gate setting necessary to 
give the depth of fuel bed required to maintain the load and CO, at 
the proper values was determined. With the fire at the proper thick- 
ness and in good condition, the stoker hopper level full, the ash-pit 
and drippings-pit clean, and the load, as shown by the flow meter, 
approximately correct, the pressure and water level were noted, and 
the time was recorded as the start of the test. 

The condition of the fire existing at the start was maintained 
uniformly throughout the test, so that no adjustment was necessary 
at the close. Toward the end of the test, the water level was grad- 
ually brought to the initial height, and at the same time the required 
load was maintained. At the close, with the coal hopper again level 
full, the grate was stopped, the remaining ash and drippings were 
weighed, and all final observations were made. 


9. Test Conditions.—In order to draw conclusions relative to the 
characteristics of the different fuels, it was important that all tests be 
run under as nearly identical operating conditions as possible. Since 
absolute identity of all conditions was not possible, the percentage of 
CO, in the flue gas was selected as the controlling factor, and an 
attempt was made to run all tests with 12 per cent CO, appearing in 
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TABLE 2 
Screen Test or Sizep Coa 


Size of Screen, in. ; 
Coal Weight 
Per Cent 

Through Over grams 
Sears 1.000 0 0 
1.000 0.742 550 22.6 
0.742 0.525 698 28.6 
0.525 0.263 1007 41.3 
0.263 0.131 68 2.8 
ORES pss Ia ee seer cues 116 4.7 
100.0 


the gases. For each load, adjustments were made in the thickness of 
the fuel bed, rate of grate travel, and the distance between the end of 
the active fuel bed and the water-back, in order to maintain the 
desired CO. The appearance of smoke in the last two series of tests 
made slight deviations in the required CO, necessary for these series. 
With each coal, the maximum and minimum loads under which satis- 
factory conditions could be maintained were first determined. A 
schedule of intermediate loads was made and the complete series of 
tests were run at loads as near’as possible to the schedule loads. 


10. Coal.—The fuel used was freshly mined coal from four mining 
districts of the state of Illinois. Two of these, Peoria County No. 5 
coal and La Salle County No. 2 coal are representative coals of nor- 
thern Illinois. The other two, Franklin County No. 6 and Williamson 
County No. 5, are representative coals of southern Illinois. The last 
named is more typical of Saline County coal than of the coal generally _ 
mined in Williamson County. This must be borne in mind in any | 
application of the test results. 

General practice favors wetting down Illinois coal moderately, or 
“tempering,” before firing. Preliminary investigation showed no 
advantage in burning characteristics resulting from this practice when 
pea coal was used. Since the use of coal as received made it probable 
that a more representative moisture sample could be obtained, the 
coal was fired as received. 

The consideration of coal preparation led to the conclusion that 
the most reliable comparative results could be obtained only with 
sized coal. The size known commercially as “pea” coal, consisting of 
pieces that will pass through a screen with 34-in. round holes and over 


a screen with 3¢-in. round holes, was selected on account of its exten- 
sive use as a steam coal. 
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Three of the four coals tested were available only as run-of-mine, 
or as large size lump coal. These were passed through a crusher set 
for a maximum size of 34 in. The crushed coal was then dropped on a 
shaking screen having 3%-in. holes. The coal that passed over the 
screen was a close approximation to commercial pea coal. The rela- 
tive proportions of the different sized pieces appearing in the coal 
after crushing and screening, as determined by a screen test made on a 
composite of several screened samples, are shown in Table 2. 

The single exception to the use of sized coal occurred in test B-6, 
in which case crushed run-of-mine was used in order to compare the 
results with those obtained with sized coal. 

The coal required for a test was stored in an overhead bunker 
which discharged by gravity into a weighing hopper suspended from a 
scale. The flow of coal was controlled by a gate operated from the 
boiler room floor, and the weight of each hopper of coal was observed 
on the calibrated scale and recorded before the coal was emptied into 
the stoker hopper. 

From each hopper of coal a cross-sectional sample consisting of a 
total weight of approximately 40 lb. was removed and quartered 
twice to a weight of about 10 1b. A small portion of this was placed 
in an air-tight container for moisture determination, and the balance 
saved for analysis. The samples for moisture and analysis at the end 
of the test consisted of the total of all of the separate samples collected 
from each hopper used. 

All analyses of coal, ash, and drippings, as well as moisture deter- 
minations, were made in the Chemical Laboratory of the University 
of Illinois. The moisture sample was used as collected. The coal 
sample, from 80-150 lb., was ground to a fineness of approximately 
80 mesh, and then riffled to a one-pound representative sample which 
was delivered to the Chemical Laboratory. Proximate analyses, 
calorific values, moisture and sulphur determinations were made for 
each test, and one ultimate analysis was made from a composite 
sample for each kind of coal. 


11. Drippings.—In order to avoid any disturbing influence in the 
fuel bed, the drippings from the grate were not returned to the stoker 
hopper. Instead, they were retained in the pit under the stoker until 
the end of the test, when they were removed and weighed and a repre- 
sentative sample was withdrawn for analysis. 

In calculating the boiler efficiency, the heat content of the drip- 
pings was subtracted from the heat content of the coal fired, following 
the method discussed in Appendix A. 
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Fic. 2. GeNERAL Prpina ARRANGEMENT 


12. Ash.— Ashes were removed dry and weighed. A representa- 
tive sample was made up by saving every third barrow load, and a 
one-pound sample for analysis was prepared from the total sample 
collected in the same manner as that described for the coal. 

Fusion temperatures were determined by the Department of 
Mining Engineering of the University of Illinois from complete chan- 
nel samples taken from the separate mines. No sample was obtained 
for the Peoria district. 


13. Water.—Referring to Fig. 2, the two measuring tanks were 
filled alternately with feed water from the heater and emptied into 
the feed tank. The suction line from the feed pump connected di- 
rectly to the feed tank, and the water was discharged through a 
special test line into the boiler feed line. Protection from the main 
feed line for all boilers was obtained by the use of three gate valves 
with bleeders installed between them. These bleeders remained open 
during the period of the tests, and any leakage either to or from the 
boiler feed line could be EaRle detected by a flow of water from the 
corresponding bleeders. 
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Each measuring tank was of approximately 4600 lb. capacity. In 
each case the tank was filled to the top of the feed neck, and the 
weight of water corresponding to this level at the temperature of the 
water in the tank was read from a curve obtained by actual calibration 
at several temperatures. The total number of full tanks used, and 
the temperature of water for each filling, were recorded. 

The rectangular feed tank, having a cross-sectional area of 41 
square feet and a depth of 40 inches, had a capacity of approximately 
8600 lb. This tank was also calibrated in order to obtain the weight 
of water per inch of tank for any given water temperature. The 
height of the water was indicated by a pointer attached to a float and 
moving over a scale with 14-in. divisions. The exact height and tem- 
perature of the water at the beginning and end of a test were recorded, 
and the weight of water fed was calculated from the total number of 
measuring tanks emptied, and the number of inches rise or fall in the 
feed tank. A correction for evaporation from the feed tank was found 
to be necessary. The method for applying this correction is discussed 
in Appendix A. 

The boiler blow-down system was protected against leakage by 
the three valves shown in Fig. 1, the bleeders remaining open during 
each test. 

The water fed to the water-back, which was separate from the 
circulation system of the boiler, was measured by means of a cali- 
brated water meter at the entrance. The temperature of the entering 
and leaving water was observed, and the heat absorbed was credited 
to the boiler. 


14. Flue Gas.—Samples of the flue gases were taken from the three 
draft nozzles shown in Fig. 3. By means of a water aspirator suc- 
cessive samples were collected from the three different points, and 
complete analyses were made at half hour intervals with an Orsat 
apparatus. 

Each sampling tube consisted of a 4-in. steel pipe, open at the 
end, extending through the rear of the breeching, and having the open 
end at the center of a gas outlet, approximately one foot below the 
damper. Several preliminary explorations were made at different 
points in each outlet. These results indicated that the gas compo- 
sition was practically uniform over the area of any given outlet. The 
analysis of gas taken from the center of each outlet was, therefore, 
regarded as the average composition of the gas passing through the 
outlet. 
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Fig. 3. Cross-SecTION THROUGH BREECHING SHOWING LOCATION OF 
THERMOCOUPLES AND SAMPLING TUBES 


15. Quality of Steam.—The quality of steam was obtained by 
means of a throttling calorimeter, equipped with a mercury thermom- 
eter and standard pressure gage. 


16. Temperature Measurement.—Five copper-constantan thermo- 
couples in connection with a standard potentiometer were used for 
observing the temperatures of the flue gas, the feed water, and the 
water leaving the water-back. The three thermocouples used for the 
flue gas temperatures were inserted in separate outlets to the breech- | 
ing at the same points as the flue gas sampling tubes, with the junc- 
tions located at the centers of the gas outlets. 

The thermocouples were calibrated before the tests with the cold 
junction at 32 deg. F., and the cold junction temperature was main- 
tained at 32 deg. F. while they were in service. The flue gas temper- 
atures were checked continuously by means of a recording flue gas 
thermometer equipped with an averaging bulb that extended across 
the setting. The feed-water temperature was checked approximately 
against the readings of a thermometer in the feed-water line at the 


feed-water tank. All other temperatures were observed by means of 
mercury thermometers. 


COMBUSTION TESTS WITH ILLINOIS COALS 15 


17. Drafis.—Drafts were measured at the points indicated in 
Fig. 1, by means of inclined draft gages, and, in addition, a recording 
draft gage was used to obtain a continuous record of the draft over 
the fire. 


18. Smoke.—It was impossible to make smoke observations on 
the boiler under test due to the fact that other boilers were served by 
the same stack. However, by proper manipulation of the other 
boilers, it was possible to judge, to some extent, the influence of the 
test boiler on the amount of smoke generated. The procedure adop- 
ted was to control the stoker operation for all boilers in such a manner 
that smoke issuing from the stack should never exceed No. 1 on the 
Ringelmann scale. This was found possible with all of the coals used. 
The controlling factors were the thickness of the fire and the amount 
of uncovered grate between the active fuel bed and the water-back. 


IV. Discussion or RESULTS 


19. General Statement.—The general data and results for the tests 
are shown in Table 4. It should be noted that there are four groups 
of tests, each designated in the test number by the prefix A, B, C, 
or D. Each group contains all tests run with one kind of coal. 


20. Fuel.—The comparative burning characteristics of the four 
different coals tested will be summarized here and discussed later in 
more detail in Section 21. All coals burned with the long luminous 
flame characteristic of Illinois coals. The flame, in most cases, 
extended well beyond the middle of the first pass. 

Coking tendencies were shown, especially at low boiler loads, by the 
Williamson and Peoria County coals. No adjustment of the rate of 
grate travel or of the distance of the fire from the water back was 
found to be effective. The character of the setting and the composi- 
tion of the coal combined to cause a rather high ash-pit loss at cer- 
tain rates of combustion. This condition was not apparent to the 
eye during the operation with Williamson County coal at high loads; 
the prevalence of high ash-pit losses at high loads was more a result 
of the fusing of the ash and coke into lumps than of the formation of 
the large lumps of coke which were visible at low loads. 

Coals that were the most “free-burning,” or in other words, 
showed the least tendency to form masses of coke, also showed the 
greatest tendency towards the formation of smoke. Franklin and 
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TABLE 3 


CurmicaL ANALYSIS OF SLAG FoRMED ON STOKER 
Grate Bars By LA Sate County Coan 


Chemical Compound Per Cent by Weight 

SiOg. Heese cee atcha eters 27.08 
IN Vs ser he x ctiaieiatelg taltavoreteet a iakerehe cliete 8.33 
Besse ints vie Wtheie cel ieiie eke esi 44.43 
Sie ais. cre se rahahs lefeceyecatsponaiete epee nna 8.91 
HESO4 so 2s Se cnet oer ne ae 0.29 
BO) seas ree nsccvorenarstetere) cuaeteaeievepanerass 10.74 
MeOrsctaSee coe ie aela ete 0.22 
100.00 


/ 


La Salle County coals required a relatively thin fuel bed and consider- 
able space for air admission at the rear of the stoker in order to pre- 
vent excessive smoke. 

No trouble was experienced with any of the coals due to side wall 
clinkering. The only noticeable disadvantageous characteristic was 
the tendency towards the formation of slag on the grate bars when the 
La Salle County coal was burned. When the slag was removed, a pit, 
sometimes of considerable size, could be seen on the surface of the bar. 
While the amount of pitting of the grate bars was negligible during the 
test period, this action might easily prove troublesome in continuous 
service. A chemical analysis of the slag is given in Table 3. This 
analysis indicates a typical pyritic slag formation which sealed the 
openings between the grate bars, thus preventing the passage of air. 
This partly accounts for the Araine action. 


21. Comparative Performance.—In Fig. 4 the performance curves 
for the boiler are shown for each kind of coal, the individual points 
representing the actual tests at the various loads. The curves best 
representing the points were first plotted on separate sheets and then 
combined. The maximum and minimum load points shown on the | 
curves are the upper and lower limits of boiler performance with each 
kind of coal under practical operating conditions. The upper limit is 
the highest average load obtainable over the period of test. The 
lower limit is the lowest average load possible with the fire in good 
condition and the furnace hot enough for satisfactory combustion. 

Inspection of the efficiency curves indicates that the widest spread 
in efficiency occurs at the highest and lowest loads; at 350 and 1000 
boiler horsepower the maximum spread is 7% per cent (percentage 
expressed in terms of boiler efficiency), while at 650 boiler horsepower 
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the spread is but 214 per cent. It is probable that any coal charac- 
teristics tending to raise or lower boiler efficiency will become more 
pronounced at the extremes of load. This conclusion is substantiated 
by the general comparison of performance curves. 

Examination of the comparative performance curves reveals three 
outstanding facts: 

(1) Franklin and Peoria County coals gave similar efficiency 
curves. The same was true for Williamson and La Salle County coals. 

(2) Of the two groups of coals giving similar efficiency curves, in 
each case the greater efficiency over the whole range of load was 
obtained with the southern Illinois coal. 

(3) At all loads below 750 boiler horsepower, the two southern 
Illinois coals gave greater efficiency than the two northern Illinois 
coals. 

On comparing the Franklin County coal with the Peoria County 
coal, the heat balances in Table 4 indicate that the main differences 
were in the losses due to moisture and hydrogen in the coal. In res- 
pect to these items, Franklin County coal showed an inherent ad- 
vantage which was reflected in a gain of approximately one and one- 
half per cent in the efficiency. At low loads the coking quality of the 
Peoria coal was an additional disadvantage, and the ash-pit loss be- 
came excessive. This was also reflected in the efficiency curve, and 
the superior performance of the Franklin County or Southern Illinois 
coal may, therefore, be explained on the basis of a combination of the 
factors discussed. 

A similar study of the Williamson and La Salle County coals 
shows a decided advantage for the latter in respect to the amount of 
ash-pit loss which was more than offset, however, by slightly higher 
stack loss, and excessive “unaccounted for” loss. The latter includes 
radiation and loss due to unburned hydrocarbons, as well as the sum 
total of the indeterminate losses. The difference in stack losses is 
slight, and the radiation losses may be assumed identical without 
appreciable error. Itis, therefore, evident that the coal from William- 
son County is superior to the La Salle County coal in performance 
solely because of a smaller loss in undeveloped heat resulting from 
unburned hydrocarbons. 

The reason for the greater combustion efficiency of the Williamson 
County coal is made clear by the application of certain criteria devel- 
oped incident to tests conducted by the U. S. Bureau of Mines.* 
Stated briefly, three factors based on the chemical characteristics of 


*R. T. Haslam and R. R. Russell, ‘Fuels and Their Combustion,” pp. 335-61. 
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the coal govern the completeness of combustion occurring in a given 
size of combustion chamber, viz: 
volatile carbon 


(1) Volatile matter x ; 
available hydrogen 


(2) Oxygen content in the moisture-and-ash-free coal 
(3) Ratio of oxygen to total carbon 
The larger the value of any of these factors, the less complete the 
combustion that may be expected with a given air supply. The fac- 
tors should be considered separately, since they do not all have the 
same weight in influencing the combustion efficiency. 
A calculation of the factors showed an extremely high value of 


factor No. 1, volatile matter x SOEs , for the La Salle 


available hydrogen 
County coal as compared with the Williamson County coal. Since 
the other factors were practically balanced, this difference is sufficient 
to explain the unusually high unaccounted-for losses in the case of the 
La Salle County coal. 

The differences in chemical composition of the coals, therefore, 
account for the superiority of the Southern Illinois coals over the 
Northern Illinois coals in respect to the average combustion efficiency. 
In the case of the Peoria coal, the excessive amounts of hydrogen and 
moisture result in losses that serve to explain the comparatively low 
efficiencies obtained. In the case of the La Salle coal, an excessive 
amount of volatile matter and volatile carbon as compared with the 
available hydrogen, indicates that unsaturated hydrocarbons were 
present in comparatively large quantities. Inasmuch as the unsat- 
urated hydrocarbons decompose under the action of heat, and deposit 
soot more easily than the saturated hydrocarbons, a comparatively 
large loss due to unburned hydrocarbons may be reasonably expected 
when this coal is burned. 

The efficiency curves for the Franklin and Peoria coals are similar, 
and typical of what may be expected in average boiler performance. 
Such curves are generally flat over the range of highest efficiency and 
show decreasing efficiencies at the lower loads, due to excessive radia- 
tion loss, and also at the higher loads, due to increasing effect of the 
heat loss in the dry flue gas. The coking quality of the Peoria coal 
caused an excessive drop in the curve at low loads. 

The similarity of the curves for the La Salle and Williamson 
County coals cannot be explained on the basis of either physical or 
chemical characteristics. The coals were at opposite extremes in 
regard to properties such as the quantity and quality of the volatile 
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matter and the percentage of moisture. They did not burn alike, in 
that the La Salle coal burned freely to an ash containing very little 
carbon, whereas the Williamson coal exhibited coking tendencies over 
the entire range of loads. Apparently both were high draft coals, 
requiring an appreciable amount of turbulence in the furnace as well 
as a liberal air supply for the complete combustion of the volatile 
constituents. 

An arithmetical average of the efficiencies obtained on all tests in 
a given series gave 66.0 per cent for the Williamson County coal, 
65.3 per cent for the Franklin County, 63.1 for the Peoria County 
and 62.7 for the La Salle County coal. The average for all tests on 
Southern Illinois coals was 65.6 per cent as compared with 62.9 per 
cent for the Northern Illinois coals. The difference is not great, but, 
if anything, is favorable to the Southern Illinois coals. 

The Franklin and Peoria County coals gave their maximum effi- 
ciency at loads of from 500 to 600 boiler horsepower, or at practically 
the standard rating of the boiler. The maximum efficiency of the 
Williamson and La Salle County coals, however, was obtained at a 
load of approximately 900 boiler horsepower, or at 80 per cent over 
rating. Apparently the latter two coals are better adapted to main- 
tain high efficiency for continuous operation under overload con- 
ditions. 

The Williamson and La Salle County coals, however, were not the 
ones with which the maximum attainable capacities were obtained. 
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The maximum capacity attainable with a given coal is influenced by 
the chemical composition of the coal, as shown by Fig. 5. From this 
curve it is evident that the maximum attainable capacity decreases as 
the ratio of volatile matter to fixed carbon increases. Hence, while 
the La Salle County coal gave its maximum efficiency at a compara- 
tively high capacity, the highest capacity attained was the lowest of 
that obtained from any of the coals. On the other hand, the Franklin 
County coal, which gave the highest attainable capacity, accom- 
plished this result at a sacrifice in efficiency. This indicates that high 
efficiency and high capacity are not necessarily correlated, and that 
each one is influenced by a separate combination of chemical factors. 

The ratio of volatile matter to fixed carbon is an index of the 
amount of volatile that may be evolved from a given coal under given 
conditions in a particular furnace. The ability of the furnace to evolve 
and burn the volatile is a measure of the maximum rate at which 
heat can be liberated to produce boiler capacity. Hence it is reason- 
able that, with coals having relatively low volatile content, less re- 
tardation in the rate of combustion will occur, thus making it pos- 
sible to attain the highest capacities with such coals. 

The combustion rate curves in Fig. 4 exhibit the same character- 
istics as the efficiency curves, the higher combustion rates corre- 
sponding to the lower efficiencies. These curves have been based on 
the dry coal as fired, corrected for the coal equivalent of the heat 
value of the drippings, as discussed in Appendix A. 

Since some variations occurred in the inherent moisture in the 
different kinds of coal, as well as in the surface moisture of the coal 
fired during the individual tests, it was considered that a comparison 
of combustion rates on the basis of some common surface moisture 
that was at the same time representative of the inherent moisture for 
the separate kinds of coal, might be of value. Air-dried coal repre- 
sents about the only approximation to such a common basis of surface 
moisture that can be obtained under practical firing conditions. 
Figure 6 shows the combustion rates for air-dried coal fired and cor- 
rected for the coal equivalent of the heat value of the drippings. 
These curves are not essentially different in character from the ones 
in Fig. 4. 

The factors affecting the actual performance of coals in boiler 
furnaces are numerous and complicated, and too general or sweeping 
conclusions should not be drawn from the performance in one partic- 
ular furnace. While the results indicate some general differences in 
the performance of the Northern and Southern Illinois coals, it is 
entirely possible that such variations could be made very small by 
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burning them in different furnaces in which the design of furnace and 
grates was specifically adapted to the peculiarities of the particular 
coal to be burned. It is also possible that the results could be modi- 
fied by a special study of each coal, and by adapting the operating 
conditions more specifically to the particular coal. In these tests, 
however, an attempt was made to burn all of the coals under as nearly 
the same operating conditions as possible. 

The heat absorbed by the water-back, expressed as a percentage of 
the total heat absorbed by the boiler, is shown in Fig. 7, and decreases 
as the load is increased. The actual amount is evidently correlated 
with the ash-pit loss, since the curves for the different coals are ar- 
ranged in the same order as those for ash-pit loss shown in Fig. 8. 
In general, the high ash-pit losses occurred when the greatest amounts 
of unburned coke extended close to the water-back, and greater heat 


absorption by the water-back would be expected to accompany this 
condition. 


22. Ash-Pit and Dry-Gas Losses.—There is a well-known tendency 
for the ash-pit and dry-gas losses to balance one another, an exces- 
sively high value for one being offset by a correspondingly low value 
for the other. The different characteristics of the coals tested caused 
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different ash-pit losses, as shown in Fig. 8. A comparison with Fig. 9 
indicates that coal having a tendency for high ash-pit loss gave more 
favorable results with respect to dry-gas loss. This is more strikingly 
shown in Fig. 10, in which the dry-gas loss is plotted directly against — 
ash-pit loss, and which indicates a marked tendency for one loss to. 

offset the other. 
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The high value of dry-gas losses for the Franklin and La Salle 
County coals was due in part to the necessity for shortening and 
thinning the fire in order to reduce the smoke. On the other hand, 
the relatively high ash-pit losses for the Peoria and Williamson 
County coals, when burned in this particular setting, seemed to be 
brought about by the inherent characteristics of the coals themselves. 

Trouble due to “‘clinkering” was not a factor in the operation of the 
boiler with any of the coals. The Peoria and Williamson County 
coals, however, showed a tendency for ash and coke to fuse into 
lumps, resulting in a large percentage of combustible being carried 
into the ash-pit. 

These results indicate two changes in the type of setting that 
might prove advantageous in burning the types of coals tested. For 
the Franklin and La Salle County coals, the use of auxiliary air over 
the fire is desirable in order to eliminate smoke, and at the same time 
permit the use of a fairly long active fuel bed. For the Williamson 
and Peoria County coals, the exposure of part of the heating surface 
to the radiant heat of the fire would tend to lower the furnace tem- 
perature, and thus to prevent the fusion of the ash and coke. This 
would promote better combustion in the fuel bed itself, and also re- 
sult in reduced ash-pit losses. 


23. CO, and Excess Air.—For reasons discussed in Section 9, the 
CO, in the flue gas was maintained constant at an average value of 
approximately 12 per cent for all tests. That this was accomplished 
within reasonable limits is indicated by Fig. 11. -Some variations 
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occurred owing to the fact that, particularly at high boiler loads, the 
same weight of gas did not pass through each one of the three gas 
outlets or draft nozzles. In computing the results, this was taken 
into account, and a weighted average, following the method outlined 
in Appendix B, was used. The plotted points in Fig. 11 are the final 
computed averages. During the tests such computations were not 
made; but the apparent average, weighting the observations made in 
the three draft nozzles equally, was used as an index of the CO». 
Hence some deviations occurred in the average values of the CO: 
actually maintained. Furthermore, on a few tests, it was necessary to 
make some sacrifices in order to reduce the smoke to the desired 
minimum. 

In order to maintain the proper value of the CO: it was found 
necessary to adapt the thickness of the fuel bed both to the load and 
to the coal used. The fuel bed thickness required for the different 
loads and coals is shown in Fig. 12. 

From the standpoint of establishing standards for practical boiler 
operation, the relation between COs, and excess air for the different 
coals is one of primary importance. This relation for the coals used, 
as determined by the various tests, is shown in Fig. 13. 

Two factors govern the CO.—excess-air relation as actually ob- 
tained when burning a given coal in a given furnace. They are: 
(1) the carbon-hydrogen ratio in the moisture-and-ash-free coal, 
(2) the carbon lost in the ash-pit, boiler passages, and stack. In 
stoker operation, where from 80 to 90 per cent of the ash in the coal 
appears as ash in the ash-pit, the per cent combustible, or carbon, 
in the ash and refuse appearing in the ash-pit may without appreciable 
error be regarded as representative also of the per cent carbon loss 
accompanying the total amount of ash resulting from the coal burned. 
The curves in Figs. 14 to 17 are based on this assumption, and show 
the theoretical percentage of CO, for given percentages of excess air 
for the different coals tested, as well as the data for obtaining the 
actual percentage of CO, to he expecicd when the composition of the 
ash and refuse is known. 

The use of these curves is best shown by a typical example. Re- 
ferring to Fig. 14, assume that the Peoria County coal is burned with 
an average CO, of 12 per cent, and with 30 per cent of the ash and 
refuse appearing in the ash-pit consisting of carbon. The percentage 
of excess air is required. 

First locate the percentage of CQ, on the vertical axis as indicated. 
Following the broken line in the direction of the arrows, the inter- 
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section of the per cent CO, line with the line of zero carbon in the ash 
is carried vertically to the intersection with the line representing 30 
per cent carbon. Following the broken line horizontally to the 
theoretical CO, curve, the value of the excess air is read as 38 per cent. 
The influence of combustible in the ash may be an important fac- 
tor in establishing the CO.-excess-air relationship for high ash coals. 
The use of the curves for establishing the percentage of CO» to be used 
as an index of satisfactory operation in a given plant may also be 
illustrated by an example. Assume that coal similar to the William- 
son County test coal is being used, and that the setting is such that it 
is desirable to operate the boiler with 40 per cent excess air. Samples 
of ash and refuse have shown an average value of 30 per cent carbon. 
For 40 per cent excess air, the theoretical CO2—excess-air curve in 
Fig. 15 indicates that 12.6 per cent of CO: would be present in the 
flue gas if there were no carbon lost. 
| By a reversal of the process previously explained, that is, by pass- 
ing horizontally to the intersection with the line of 30 per cent carbon 
in the ash, and dropping vertically to the intersection with the line of 
zero per cent carbon, a value of 11.9 per cent CO: is read on the verti- 
cal axis as the actual CO, to be indicated by the recorders in the prac- . 
tical operation of the boiler. 


24. Draft.—The curves in Fig. 18 show the draft differential re- 
quired through the fuel bed in order to burn the different coals at 
given combustion rates. With the sized coal, and the fuel beds 
used, the drafts required to burn the coal were very low. An approx- 
imate rule, commonly used, is that, with the average fuel bed, a draft 
differential of 0.01 in. of water is required to burn one pound of coal 
per square foot of grate surface per hour. The curves indicate that a 
value of 0.005 in. of water is more nearly representative of the draft 
required under the conditions existing for these tests. 

The drafts in the furnace were checked at different points along 
the grate, and a traverse was also made across the width of the fur- 
nace. The observations indicated that the location of the draft gage 
connection was such that a fair average of the furnace draft was ob- 
tained, and that draft conditions were uniform over the whole area 
of the fuel bed. 

In Fig. 19 the drafts obtained at the different points in the setting 
are shown for each test. The variations in the draft requirements for 
the different coals tested were so slight that they may be considered 
as negligible for all practical purposes. 

All draft observations were corrected to a common elevation, 
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that is, the point of insertion of the furnace draft gage connection. 
The method for applying this correction is given in Appendix A. 


25. Sized Versus Unsized Coals.—No extensive tests were made for 
the purpose of determining the merits of coal sizing for this type of 
boiler. However, one comparative test was run with crushed run-of- 
mine coal from Williamson County. The coal after crushing resem- 
bled 11% in. to 2 in. screenings. No screen test was made. No at- 
tempt was made to determine the maximum capacity obtainable, and 
the test was run under the average load carried by the boiler in actual 
plant operation. It was necessary to add water to the coal before 
firing. 

Separate points for this test are shown on all of the comparative 
performance curves. Results from the one test, as shown in Figs. 4 
and 18, indicate that the main advantage of coal sizing lies in the gain 
of capacity obtained with a given amount of draft, since the unsized 
coal required greater draft at a given load than the sized coal. The 
unsized coal, as shown in Fig. 4, gave the same efficiency as the sized 
~ coal. Inasmuch as but one short test was run, however, no general 
conclusions can be drawn. There is no doubt, however, that, other 
things being equal, the use of sized coal will increase the maximum 
capacity obtainable with a given boiler plant. 
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Another advantage of sized coal, not indicated in the formal re- 
sults, was a reduction in the amount of attention required. As a 
rough estimate, under equal conditions, approximately one-third as 
much time was required for adjustments to the stoker operation when 
sized coal was used as when unsized coal was used. 


V. SUMMARY AND CONCLUSIONS 


26. Conclusions.—The actual performance of a given type of coal 
is governed both by the type of boiler setting and by a number of 
operating conditions. For best results, the latter must be adapted to 
the particular coal. In the present series of tests, the operating con- 
ditions were maintained the same for each test as far as practical. 
Too géneral conclusions, therefore, should not be drawn, since changes 
in operating conditions might modify some of the results. From the 
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results of the investigation, as applied to the particular setting used, 
and to the conditions under which the tests were run, the following 
conclusions may be drawn: 

(1) Of the four coals tested, the La Salle County coal was the only 
one that gave any evidence of possible destructive action on the 
grates. No particularly outstanding operating difficulties were en- 
countered in the use of any of the coals. 

(2) The average overall efficiency, based on all tests, with 
southern Illinois coals, was 65.6 per cent, and, with northern Illinois 
coals, 62.9 per cent. 

(3) The maximum attainable capacity with the furnace used in- 
creased as the ratio of volatile matter to fixed carbon in the coal 
decreased. 

(4) The maximum average capacity developed on any one test 
was 993 boiler horsepower, and was obtained with Franklin County 
coal. This was 9.8 per cent higher than the maximum capacity devel- 
oped with Williamson County coal, and 15 per cent higher than the 
maximum developed with La Salle or Peoria County coals. 

(5) The maximum average combustion rate was 44.8 lb. of dry 
coal per sq. ft. of grate surface per hr., and was obtained’ with 
Franklin County coal. 

(6) The maximum efficiency shown for any load or any coal (see 
Fig. 5) was 69.1 per cent. This was obtained on test B-4 with 
Williamson County coal. 

(7) The overall efficiency and capacity of the boiler and furnace 
used could probably be increased by exposing one or two rows of tubes 
to the radiant heat from the fire. 

(8) The setting used was not high enough to permit the combus- 
tion of Illinois coals without some loss due to unburned hydrocarbons 
in the flue gas. This is indicated by the comparatively large unac- 
counted-for losses appearing in the heat balances. 

(9) The introduction of auxiliary air over the fire with provision 
for obtaining thorough mixing and turbulence in the gas immediately 
above the fire, would be of some benefit in burning the Franklin 
County and La Salle County coals. This would aid in the reduction 
of smoke, and minimize the frequency of adjustments in the rate of 
grate travel and the thickness of the fire otherwise necessary in order 
to obtain approximately smokeless combustion. 

(10) Draft requirements were not materially different for the four 
coals, and were characterized by the comparatively small draft differ- 
entials through the fuel bed per pound of coal burned per square foot 
of grate surface per hour. 
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(11) Franklin and La Salle County coals required a comparatively 
small amount of attention in order to minimize ash-pit losses. 

(12) Williamson and Peoria County coals tended to coke at low 
loads. This condition .is liable to be accompanied by high ash-pit 
losses when the coals are used on chain grate stokers. 

(13) To be used as an index of operating conditions in an actual 
plant, the required observed percentage of CO, in the flue gas should 
be based on a consideration of the carbon-hydrogen ratio in the coal 
used, and of the probable carbon loss to the ash-pit and stack, as well 
as of the excess air desired. 

(14) The single test with unsized coal showed no particular ad- 
vantage for the sized over the unsized coal of the same quality, with 
respect to the overall efficiency obtained. 

(15) The use of sized coal made it possible to obtain higher capac- 
ities with given available drafts than those obtainable when the same 
quality of unsized coal was used. 
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APPENDIX A 
FoRMULAS FOR ComPuTING Boruer TESTS 


In general, the tests were conducted and computed in accordance 
with the American Society of Mechanical Engineers’ code for con- 
ducting boiler tests. However, some items were added, and some 
deviations were made in the calculation of other items. A brief dis- 
cussion of the methods and formulas used in the calculation of such 
items follows. In all cases the column numbers correspond to those 
in Table 4. 


Column 15. Corrected Draft between Boiler and Damper.—Drafts 
were observed by means of inclined draft gages reading directly in 
inches of water. These draft gages were placed at the same eleva- 
tions as the points of insertion for the draft tubes, and hence read the 
depressions below the atmospheric pressures corresponding to the 
different elevations. In making comparisons, it was desirable that 
all of the observed data be reduced to terms of depressions below the 
atmospheric pressure existing at some one elevation. The level of the 
gage at the furnace was selected as the datum plane, and all gage read- 
ings were corrected to this elevation. Furthermore, since the boiler 
room was open to the outdoor air, the atmospheric pressure at the 
different elevations in the boiler room corresponded to the barometric 
pressure at the same levels, and such corrections involved the density 
of the outdoor air rather than that of the air indoors. 

Let e = the elevation of the point of insertion of the draft gage 

above that of the draft gage at the furnace, ft. 

d, = density of outdoor air, lb. per cu. ft. 

dy = density of water at boiler room temperature, lb. per 
cu. ft. 


D = draft gage reading, in. of water. 
D, = corrected draft, in. of water. 
Then D, = D+ a 


2 


Column 33. Corrected Weight of Coal as Fired.—The drippings 
from the grate were removed and their heat content was determined 
by means of the bomb calorimeter. The weight of coal as fired equiv- 
alent in heat value to that of the drippings was then subtracted from 
the total weight of coal fired. 
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Let W1 = total weight of coal as fired, lb. 
W. = total weight of drippings, lb. 
W; = corrected weight of coal as fired, lb. 
B, = calorific value of coal as fired, B.t.u. per lb. 
B, = calorific value of drippings, B.t.u. per lb. 


TheneW a= 2 ees 
By 


Column 87. Weight of Dry Coal Burned.—This quantity is the 
difference between the corrected weight of dry coal fired and the dry 
coal equivalent to the calorific value of the combustible in the ash-pit. 
The amount of combustible lost in the stack cinders was not deter- 
mined, since it is a very small factor in stoker operation. 

Let W: = corrected weight of dry coal fired, lb. 

W. = weight of ash and refuse, lb. 
W;3 = weight of dry coal burned, lb. 
b = carbon in ash and refuse, per cent. 
B, = calorific value of dry coal, B.t.u. per lb. 
B, = calorific value of ash and refuse, B.t.u. per lb. 


Then B, < 0X14 600 
100 
W; ins WwW, ‘ ae W. x By he Wi - 146.0 b We. 
By B, 


Column 54. Corrected Weight of Water Fed to Boiler.—Referring to 
the description of the feed water supply system in Section 13, the 
gross weight of water handled during a test was the weight corre- 
sponding to the total volume measured in the two measuring tanks. 
Certain adjustments in this gross weight might be necessary due to 
the following causes: 

(1) Evaporation from the feed tank 

(2) Differences in the temperature and level of the water in the 
feed tank at the beginning and the end of a test 

(3) Difference in the water level of the boiler at the beginning and 
the end of a test 

(4) Difference in the steam pressure in the boiler at the beginning 
and the end of a test 

(5) Loss of water due to leaks in the blow-down, feed line, etc. 

(6) Heat absorption by the water-back 

Corrections under the headings Nos. (8), (4), and (5) were not 
necessary on these tests. A full treatment of the manner of making 
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corrections of these types is contained in an earlier bulletin of the 
Engineering Experiment Station.* 

The weight of water evaporated from the surface of the feed tank 
in a given time was a function of the observed temperature of the 
water in the feed tank. A curve showing the relation between the 
temperature of the water and the pounds of water evaporated per 
square foot of surface per hour is given in a previous bulletin of the 
Engineering Experiment Station,{ and preliminary calibration proved 
that this curve was directly applicable to the evaporation from the 
feed tank. 


Let N = duration of the test, hr. 
S = area of water surface in the feed tank, sq. ft. 
K = evaporation per sq. ft. of surface per hr. (from curve) 
C = total correction, lb. 


‘Phen-Co= KNS 


The result was subtracted from the total weight of water measured. 

The feed tank was calibrated, and the weight of water per inch of 
tank corresponding to the temperature of the water in the tank could 
be read directly from the calibration curve. The total weight of 
water in the tank at any time was the product of the depth in inches 
of the water in the tank and the weight per inch of tank, taken from 
the calibration curve. The weights of water in the tank at the begin- 
ning and the end of each test were calculated, and the feed tank cor- 
rection consisted of the difference of the two weights. This correction 
was added to the total weight of water measured in the measuring 
tanks, if the weight of water in the feed tank was less, and subtracted, 
if the weight of water in the feed tank was more at the close than at 
the start of the test. 

The heat absorbed by the water passing through the water-back 
was reduced to terms of equivalent water that could have been evap- 
orated if the same amount of heat had been utilized in evaporating 
water at the same temperature as the feed water, into steam as gener- 
ated by the boiler. This equivalent weight was then credited to the 
boiler by adding it to the water actually weighed. 


Let %’ = heat of the liquid at boiler pressure, B.t.u. per lb. 
ir’ = heat of the liquid at feed water temperature, B.t.u. 
per lb. 
r = latent heat of steam at boiler pressure, B.t.u. per lb. 
*A Study of Boiler Losses,” Univ. of Ill. Eng. Exp. Sta. Bul. 78, pp. 56-58, 1915. 


+“Investigation of Warm-Air Furnaces and Heating Systems, Part II,” Univ. of Ill. Eng. Exp. 
Sta. Bul. 141, p. 142, 1924. 
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x = quality of steam. 
w = weight of water passed through the water-back, lb. 
7,/ = heat of the liquid at the temperature of the water 
entering the water-back, B.t.u. per lb. 
ty’ = heat of the liquid at the temperature of the water 
leaving the water-back, B.t.u. per lb. 
H,, = heat absorbed by the water-back, B.t.u. 
H, = heat absorbed by each lb. of steam, B.t.u. 
W = correction for heat absorbed by the water-back, Ib. 
Then H,, = w (t' — 11’) 
H, = tp’ + Min fe as" 
yr a eee Oa ad) 
Hy, iy! + ar — i; 


Column 75. Efficiency of Grate.—The grate efficiency may be ex- 
pressed as 100 times the ratio of the actual evaporation per pound of 
dry coal to that obtainable if no combustible were lost to the ash-pit. 
Under Column 37 the expression ‘“‘weight of dry coal burned” was 
explained as being the weight of dry coal fired, minus the equivalent 
weight of dry coal represented by the calorific value of the ash and 
refuse. The ratio of evaporations, based on dry coal fired and dry 
coal burned, respectively, and multiplied by 100, therefore, represents 
the grate efficiency. 

The loss of drippings has not been considered as affecting the true 
grate efficiency, and therefore was not included as part of the ash-pit 
loss in the computation. 

Let e: = water evaporated per lb. dry coal fired, lb. 

€, = water evaporated per lb. dry coal burned, lb. 
E = efficiency of grate, per cent 
Then E = 100 x & 
€9 

Column 95. Theoretical Weight of Dry Gas per Pound of Dry Coal.— 
Theoretically the gas given off per pound of dry coal should consist of 
the sum of the products of combustion of the carbon and sulphur in 
the coal, plus the nitrogen carried in with the air necessary for the 
complete combustion of all of the combustible elements, including the 
hydrogen, plus the nitrogen in the coal. Since some of the oxygen for 
combustion came from the free O2 in the coal, the nitrogen equivalent 
of this should be deducted. Letting C = per cent carbon in dry coal, 
S = per cent sulphur, H, = per cent hydrogen, N2 = per cent nitro- 
gen, and O: = per cent oxygen, the corresponding weights of each 
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constituent in one pound of dry coal will be 1/100 of each of the per- 
centages mentioned. 

From the stoichiometric relations, the sum of these products of 
combustion may now be deduced, or column 95 = 0.1261 C + 0.05358 
+ 0.268 H,. + 0.01 N2 — 0.0335 Oz. 


Column 96. Actual Weight of Dry Gas per Pound of Dry Coal.— 
This calculation is based on the assumption that all of the carbon in 
the coal which was actually burned appears in the gas. 

If COz, CO, and Oz represent the parts by volume of the constit- 
uents in a given volume of flue gas, the parts by weight may be found 
by multiplying each one of these by the corresponding molecular 
weight. The sum of these relative weights in the flue gas is 44 CO, + 
28 (CO + Nz) + 82 Oo. The relative weight of the C in the same 
volume is 12 (CO, + CO). Hence the weight of gas per pound of 
carbon consumed is: 


peWOa ry 28 (CON N») 32:02) 11 COs 7 (CO FEIN) SOs 
12 (COz + CO) a 3 (COz + CO) 
Since N, is always determined by difference: 
Nz = 100 — (CO2g + CO + Oz) 
Hence, the weight of gas per pound of carbon consumed = 
4 CO, + O2 + 700 
3 (CO. + CO) 
Let W, = corrected weight of dry coal fired, W2 = weight of ash 
and refuse, a = per cent carbon in dry coal and b = per cent carbon 


inthe ash. Then the weight of carbon actually consumed per pound 
of dry coal is 


0.01 Wi a — 0.01 Wz b 
Wi 


0.01 (Wia — Te) E CO. + O2 + zoe 
Wi 3 (CO, + CO) 


and column 96 = | 


This is slightly in error due to the fact that SO. is formed from the 
sulphur in the coal. Part of this SO. is absorbed by the water in the 
sampling apparatus, while some of it probably goes into the KOH 
pipette, and thus appears in the analysis as COs. It would be rather 
difficult to determine the exact distribution of these two. However, 
a simple calculation will show that the maximum error due to this 
source does not exceed 0.2 per cent. 
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Column 97. Theoretical Weight of Air per Pound of Dry Coal.— | 
This can be calculated directly from the stoichiometric relations and | 
the analysis of the coal. If C, Hz, S and O, represent the precentage | 
by weight of the various constituents in the coal, then the weight of O2 | 
required is 0.0267 C + 0.08 H, + 0.01 S — 0.01 O2 and column 97 1 


0.0267 C + 0.08 H. + 0.01 S — 0.01 Ov 
0.23 


0.116 C + 0.348 H, + 0.0435 (S — Oz) 


Column 98. Actual Weight of Air per Pound of Dry Coal.—All of | 
the N; appearing in the gas, with the exception of that already in the | 
coal, N2’, came from the air taken into the furnace and setting. By | 
reasoning similar to that discussed for column 96, it may be shown | 

7Nz | 
3 (COz+ CO) 
Then the weight of air per pound of carbon consumed = 
No 
0.83 (CO, + CO) 


of dry coal from the discussion applying to column 96, column 98 


= ee (Wa a ul | N; | aa N.’ 
pt Wi 0.33 (CO, + CO) 77 


that the weight of Ne» per pound of carbon consumed = 


. Taking the weight of carbon consumed per pound | 


APPENDIX B 


CoMPUTATIONS FOR AVERAGE CO, anp AVERAGE FLUE 
Gas TEMPERATURE 


Flue gas samples were drawn from, and temperature readings were 
made in each of the three gas outlets shown in Fig. 3. It was found 
that both the per cent CO, and the flue gas temperature observed in 
outlet No. 3 were considerably less than the corresponding values 
observed in outlets No. 1 and No. 2, and that this difference increased 
as the load on the boiler was increased. 

Since outlet No. 3 was on the side of the boiler exposed to the 
boiler room air, while outlet No. 1 was on the side adjoining the other 
boiler in the twin setting, it is evident that any air inleakage should 
produce the most marked effect at outlet No. 3. A thorough exam- 
ination of the setting, however, failed to indicate any air leaks of 
sufficient magnitude to account for the wide variation in the data ob- 
tained from the different outlets. 

The fact that outlet No. 1 was nearest to the stack, indicated a 
possibility that the gases were short-circuiting through outlets No. 1 
and No. 2. Observations of the gas velocities in the three outlets, by 
means of a Pitot tube, proved this to be the case, and the results of the 
velocity observations are shown in Fig. 20. At high loads, it is evi- 
dent that most of the gases were being drawn into the two outlets 
nearest to the stack, and the effect of air leakage into the boiler room 
side of the setting was accentuated owing to the fact that a relatively 
small amount of gas passed through outlet No. 3. This condition 
made it necessary to use a properly weighted average for the per cent 
CO, and the flue gas temperature instead of the arithmetical mean of 
the observed values. 

For the purpose of deriving the equations to be used in the com- 
putations it may be considered that the weighted average flue gas 
temperature and percentage of CO, would have the same numerical 
values as the temperature and percentage of CO: that would result if 
all of the gases passing through the three outlets in a given time were 
collected and mixed without any external loss of heat or internal 
change in pressure. It will also be convenient to express all velocities, 
densities, and weights for the three outlets in terms of those existing 
in outlet No. 3. 
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Fic. 20. Vetocrry RELATIONS IN BREECHING 


The cross-sectional area was the same for all three outlets, and it is’ 
assumed that the density of the gas is not affected by small changes in 
gas composition. Since the pressure remains constant the density 
varies inversely as the absolute temperature. 

Let the subscripts 1, 2, and 3 refer to conditions in outlets No. 1, 
No. 2, and No. 3 respectively, and 

A = area of the gas outlet, sq. ft. (same for all three) 

V1, v2, and v3; = gas velocities in respective outlets, ft. per sec. 

r1 = ratio of v; to v3, from Fig. 20. 

re = ratio of vp to v3, from Fig. 20. 

t’ = required average temperature or temperature of mixture, 
deg. F. 

T’ = average absolute temperature of mixture, deg. F. 

ti, t2, and ft; = observed temperatures in respective outlets, 
deg. F. 
absolute temperature in respective outlets, 

deg. F. 
di, dy, and ds; = gas densities in respective outlets, lb. per cu. ft. 
Wi, Ws, and W; = weight of gas passing respective outlets, lb. 
per sec. 


6 T >, and hs 
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Vi, Vz, and Vs = volume of gas passing respective outlets at the 
observed temperatures ti, to, and ts, cu. ft. 
per sec. 

V1’, Vo’, and V;’ = volume of gas passing respective outlets re- 
duced to temperature t’, cu. ft. per sec. 

C’ = required average COs, or CO, in mixture, ex- 
pressed decimally. 

Ci, C2, and C3 = observed CO, in respective outlets, ex- 
pressed decimally. 


The following general relations are true: 


Vq = 1od3 (1) 
OBS OF: (2) 
V3 = Avs (3) 
Ve = Ave = Aryv3 (4) 
Vi a= Av; = Aryv3 (5) 
Ws3 = d3sV3 = Adjv3 (6) 
W, = doV> = Adored; (7) 
Wi = 4,V, = Adiryw3 (8) 
Since the density varies inversely as the absolute temperature 
We ae (9) 
2 
W, a Aitelots (10) 
T; 


If all of the gas passing the three outlets in one second were collected 
and mixed the resulting weight would be Wi; + W.2+ W;. By the 
principle of mixtures, the heat absorbed by the weight of gas at a 
lower initial temperature than that of the mixture would be equal to 
the sum of the heats given up by the gases at the higher initial tem- 
peratures, or, 


0.24 Ws (t’ — ts) = 0.24 Wi (t: — t’) + 0.24 We (t2 — t’) (11) 
By the solution of Equation (11) 
if = Wsts + Wote + Wits (12) 
Vee oa W a 


Substituting values of W3, W2, and W, from Equations (6), (9), and 
(10) 
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Reducing Equation (13) to simpler terms 
TetoT's ae rtiT’s 


t 
ie Biers Meer 
“ ‘ a To 1's ee 113 (14) 
T» (he 


Further simplification of Equation (14) leads to such large numbers i 
for the partial products as to make its application rather cumbersome. 

The total volumes of gas passing the outlets per second at the tem-_ | 
perature of the gas in the respective outlets are given by Equations | 
(3), (4) and (5). At the final temperature of the mixture these vol- || 
umes would become | 


Abels | (15) 
J = Awl 

T; ; 

Vane ArywsT” (16) 
T. 

yy = Ann?’ (17) 
T 


The total volume of gas after mixture would be the sum: 
V3" a V.’ a Vy’ 


Since the percentages by volume for the various constituents in a 


gas do not change with changes in temperature when the pressure is_ | 


maintained constant, the total volume of CO, appearing in the gas at | 
the temperature of the mixture will be the sum 


C3V3' + C2Ve’ + CiV1' 
Hence the fraction of CO, in the mixture expressed decimally | 
will be 
_ GV CsVe se Giy & 
Vesey, ay 


(El 


(18) — 
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TABLE 5 


AVERAGE CO, AND FLUE Gas TEMPERATURE Darra 
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Test Number 
Outlet No. Item 
A-2 | A-4 | B-4 | B-5 | B-6 | C-2 | C-3 | G4 | D-2 
Draft Between 
Boiler and 
pe 2ands Damper 0.392) 0.510} 0.560] 0.405) 0.497] 0.622] 0.335] 0.524] 0.614 
(observed) 
in. of water 
Flue Gas Tem- 
perature, deg. F.| 661 703 729 686 709 807 723 748 728 
CO: per cent TSAO L420 | 4A ES lobe lal 42) ledSeve leo ada leboes 
Netreensteectecd eae cs Oz per cent 5.0 3.9 4.1 5.0 155985) 4.4 4.0 5.6 One 
CO per cent 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 
N2 per cent 82.0 | 81.9 | 81.5 | 81.3 | 81.4 | 81.4 | 82.1 81.3 81.1 
Flue Gas Tem- 
perature, deg. F. 632 (ils 734 678 692 817 697 751 770 
COz2 per cent L220 14.0) 3s 1326 deo) | 1S Sh eto e6u | 25 Sales 9, 
eR Aha eoiatee A « Oo per cent 6.0 a 5.3 5.1 7.4 4.8 5.5 6.1 6.0 
CO per cent 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 
No per cent 82.0 | 81.9 | 81.4 | 81.3 | 81.4 | 81.4 | 81.7 | 81.1 } 81.1 
Flue Gas Tem- 
perature, deg. F. | 478 495 392 414 406 429 529 432 419 
COz per cent 9.8 8.0 4.9 6.9 5.5 6.2 9.0 5.8 5a 
ie rebates easy evra Spores j Oo per cent Qo NMA US STA eS Oe LON el SeA. eo On| LOO | isi Zin Ntetnes 
CO per cent 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
N2 per cent 81.0 | 80.9 | 81.1 | 81.2 | 81.1 | 80.8 | 81.0 | 81.0 | 81.1 
Flue Gas Tem- 
perature, deg F.| 598 656 647 598 620 724 652 667 674 
COsz per cent Walle eo cot lidli 7a ello Ne LOR As la hon Om peters ail Deelan eno 
Weighted Av- 
ay of 1,] Os per cent 6.6 5.8 7.0 7.2 8.3 6.6 6.4 7.8 7.4 
2, and\3.0 25. 
CO per cent 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 
No per cent 81. S16) Si.3) | S173 | Sle s | 8124 SiG. | eSieat shew 
Excess Air, per 
cent 34.6 | 31.8 | 39.2 | 39.6 |} 56.9 | 45.0 | 49.8 | 61.2 | 48.7 
Substituting the values from Equations (15), (16), and (17), 
/ 
AC3v3 i ia a AC orovs PE a ACyriv3T 
apes eee Z = (19) 
- , 
AveT"’ Arov3T” Arw3T 
Ds T. T 
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Reducing Equation (19) to simpler terms, 


Gn, Cee ae (20) | 
1 i) T1 
T,' 7, 7, 


Expressed in percentage, the CO2 = 100 C’. 


The weighted averages of flue gas temperature and percentage of 
CO, were calculated from Equations (14) and (20), respectively, for | 
all tests at higher loads, and the results are shown in Table 5. The | 
percentage of excess air was calculated from the average percentage © 
of CO» by making use of the formula given in Appendix A. The vari- | 
ations in the percentages of nitrogen were small, and the arithmetical 
mean could be used in the formula for excess air without any appre- 
ciable error. This procedure was accordingly followed. If a strictly 


weighted average was desired for the nitrogen it could be obtained by | if 


the application of Equation (20) by letting C1, C2, and C3 represent | 
the observed values for the nitrogen. 
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